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Reading disability remediationLearning to read is extremely difﬁcult for about 10% of children across cultures because they are affected
by developmental dyslexia (DD). According to the dominant view, DD is considered an auditory-phono-
logical processing deﬁcit. However, accumulating evidence from developmental and clinical vision sci-
ence, suggests that the basic cross-modal letter-to-speech sound integration deﬁcit in DD might arise
from a mild atypical development of the magnocellular-dorsal pathway which also contains the main
fronto-parietal attentional network. Letters have to be precisely selected from irrelevant and cluttering
letters by rapid orienting of visual attention before the correct letter-to-speech sound integration applies.
Our aim is to review the literature supporting a possible role of perceptual learning (PL) in helping to
solve the puzzle called DD. PL is deﬁned as improvement of perceptual skills with practice. Based on
the previous literature showing how PL is able to selectively change visual abilities, we here propose
to use PL to improve the impaired visual functions characterizing DD and, in particular, the visual deﬁcits
that could be developmentally related to an early magnocellular-dorsal pathway and selective attention
dysfunction. The crucial visual attention deﬁcits that are causally linked to DD could be, indeed, strongly
reduced by training the magnocellular-dorsal pathway with the PL, and learning to read for children with
DD would not be anymore such a difﬁcult task. This new remediation approach – not involving any pho-
nological or orthographic training – could be also used to develop new prevention programs for pre-read-
ing children at DD risk.
 2013 Elsevier Ltd. All rights reserved.1. Developmental dyslexia and the dominant auditory-
phonological view
Individuals with developmental dyslexia (DD) have difﬁculties
with accurate or ﬂuent word recognition and spelling despite ade-
quate instruction, intelligence and sensory abilities. DD is deﬁned
by difﬁculties with decoding, whereas by comparison comprehen-
sion is more intact (American Psychiatric Association, 1994). Many
researchers use the terms DD and ‘‘reading disability’’ interchange-
ably. Research suggests that DD represents the low end of a normal
distribution of word reading ability (e.g., Shaywitz, Escobar, Shay-
witz, Fletcher, & Makuch, 1992). Some works do not support the
external validity of the distinction between age-referenced and
IQ-referenced deﬁnitions in terms of underlying neuropsychology
or appropriate treatments (e.g., Jimenez et al., 2009). Prevalence
estimates depend on the deﬁnition of DD. A common deﬁnitionsets the cutoff for reading achievement 1.5 standard deviations be-
low the mean for age, and identiﬁes 7% of the population as af-
fected by DD. A similar IQ–achievement discrepancy deﬁnition
identiﬁes a similar proportion. A signiﬁcant male predominance
exists (1.5–3:1), however, the sex difference in referred samples
is higher (3–6:1), because boys with DD come to clinical attention
more often than girls. DD is co-morbid with attention-deﬁcit
hyperactivity disorder, developmental dyscalculia, language
impairment and speech-sound disorder (see Peterson & Penning-
ton, 2012 for a recent review). Predisposing candidate genes have
been identiﬁed (e.g., Marino et al., 2012; see Galaburda, LoTurco,
Ramus, Fitch, & Rosen, 2006 for a review), and evidence shows
gene by environment interaction (e.g., Mascheretti et al., 2013;
Mascheretti et al., 2014; Rosenberg, Pennington, Willcutt, & Olson,
2012).
DD is often associated to an impaired phonological awareness,
the auditory analysis of spoken language that relates the letter-
to-speech sound integration. The phonological awareness theory
remains the most compelling to date in order to explain this disor-
der, although the auditory word form processing deﬁcit also inter-
act with other cognitive risk factors (see Gabrieli, 2009 for a
review). Impaired auditory and phonological processing is
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Kraus, 2013, see Gabrieli, 2009; Goswami, 2003, 2011 for reviews).
A suggested but unproven hypothesis is that this phonological
awareness deﬁcit impairs the ability to map speech sounds onto
their homologous visual letters, which in turn prevents the attain-
ment of ﬂuent reading levels (see Vellutino, Fletcher, Snowling, &
Scanlon, 2004 for a review). Evidence suggests that co-morbidity
with DD is mediated by shared causative and neurocognitive risk
factors (e.g., Franceschini, Gori, Rufﬁno, Pedrolli, & Facoetti, 2012;
Franceschini et al., 2013).
2. Developmental dyslexia as a letter-to-speech sound
integration deﬁcit
The hypothesis that DD arises speciﬁcally from a deﬁcit of pho-
nological awareness is still debated because of the circular rela-
tionship between reading ability and phonological skills
acquisition. No studies has provides clear evidence that there is a
causal link between phonological awareness and reading and spell-
ing acquisition, because no studies have controlled for existing lit-
eracy skills in their participants, and the possible effect of these
skills on phonological awareness tasks (Castles & Coltheart, 2004).
Dehaene and et al. (2010) measured brain responses to spoken
and written language in adults of variable literacy (10 were illiter-
ate, 22 became literate as adults, and 31 were literate in childhood)
by using functional magnetic resonance imaging (fMRI). Literacy
enhanced phonological activation to speech sound in the planum
temporal and superior temporal cortex (STC). Other studies have
demonstrated that learning to read in adulthood can have a signif-
icant effect on the structure of brain regions that are important for
skilled reading (e.g., Carreiras et al., 2009). Several changes oc-
curred even when literacy was acquired in adulthood (Carreiras
et al., 2009; Dehaene et al., 2010), emphasizing that both childhood
and adulthood reading acquisition can profoundly reﬁne the
neurobiological organization of the auditory-phonological reading
network (see Blomert, 2011 for a recent review).
Similar functional and structural ‘‘impairments’’ of the phono-
logical network involving the auditory word form area (AWFA) in
individuals with DD could be simply explained by the widespread
lack of reading experience that distinguish this neurodevelopmen-
tal learning disorder. A child with DD reads in 1 year the same
number of words as a good reader reads in 2 days (Cunningham
& Stanovich, 1998).
Blau et al. (2009) used fMRI to investigate the neural processing of
letters and speech sounds in unisensory (visual or auditory) andmul-
tisensory (audiovisual congruent and audiovisual incongruent) con-
ditions in adults with DD. The data revealed that an under-activate
STC for the integration of letters and speech sounds. This reduced
audiovisual integrationpredicts performanceonphonological aware-
ness tasks. Another fMRI study by Blau et al. (2010) in children with
DD supports the view that letter-to-speech sound integration is an
emergent property of learning to read that develops weakly in indi-
viduals with DD. DD readers did not suppress STC activity to incon-
gruent letter-speech sound pairs, indicating a less efﬁcient
discrimination of those stimuli from existing audiovisual pairs.
Thus, the typical auditory and phonological deﬁcits in DD might
be the consequence of the reading failure resulting from a deviant
interactive specialization of the neural systems dedicated to the
letter-to-speech sound integration (see Karmiloff-Smith, 1998;
Johnson, 2011 for reviews).
In fact, learning to read visual words requires a novel integra-
tion of two distinct neurocognitive systems: a visual system that
allows the recognition of a visual word from a crowd of letter fea-
tures and a phonological language system (AWFA) that allows the
recognition and the production of spoken words from a crowd of
phonetic features (Schlaggar & McCandliss, 2007).The occipito-temporal sensitivity to print emerges when chil-
dren learn letter-to-speech sound integration (e.g., Brem et al.,
2010). A tentative model of functional anatomical pathways in-
volved in visual perception of words suggests that letter strings
are ﬁrst processed in the ventral occipital regions (V1–V4) contra-
lateral to the stimuli, building up increasingly abstract visual repre-
sentations. For stimuli in the left visual ﬁeld, information is con-
veyed from the right to the left hemisphere through ﬁber tracts in
the splenium of the corpus callosum Fabbro et al. (2001). This right
hemisphere mediated pathway and the direct left hemisphere
pathway eventually converge in a structure within the left-hemi-
spheric fusiform gyrus (the visual word form area, VWFA), where
retinotopic coding is lost (see McCandliss, Cohen, & Dehaene,
2003 for a review). Dehaene et al. (2010) demonstrated that literacy
enhanced the left fusiform activation evoked by writing, but also
broadly enhanced visual responses in the occipital cortex, extend-
ing to area V1, emphasizing that reading acquisition can profoundly
reﬁne cortical organization not only of the auditory-phonological
network but also of the visual-orthographic network (see Blomert,
2011 for a recent review). Importantly, left and right fronto-parietal
network (Corbetta & Shulman, 2002; Corbetta & Shulman, 2011)
strongly modulate both the visual and auditory word pathway by
temporal and spatial selective attention (McCandliss et al., 2003).
Although the neurocognitive causes of DD are still hotly debated
(see Vidyasagar & Pammer, 2010 vs. Goswami, 2011), all research-
ers agree that the main challenge is the remediation, that is, how to
get dyslexic children to read more accurately words in less time.
Themost common approach has been to devise sophisticated reme-
diation programs that train sub-skills of reading, especially phono-
logical skills and auditory perception. Although rather successful,
the improvements in these sub-skills do not automatically transfer
in better reading abilities (e.g., Agnew, Dorn, & Eden, 2004; see
Strong, Torgerson, Torgerson, & Hulme, 2011 for a recent review).
Zorzi et al. (2012) showed that a simplemanipulation of letter spac-
ing substantially improved text reading performance on the ﬂy
(without any training) in a large, unselected sample of Italian and
French DD children. Extra-large letter spacing helps reading, be-
cause dyslexics are abnormally affected by visual crowding, a per-
ceptual phenomenon (see Levi, 2008; Pelli & Tillman, 2008;
Whitney & Levi, 2011, for reviews) with detrimental effects on let-
ter recognition that is modulated by the spacing between letters
(see also Perea & Gomez, 2012). Spatial attention deﬁcits in children
with DD (see Vidyasagar & Pammer, 2010; Facoetti, 2012 for a re-
view) might impair their ability to focus on each successive letter
in a visual word while suppressing the inﬂuence of the adjacent let-
ters in standard typeface. Because the inﬂuence of neighboring let-
ter features is systematically related their proximity to the attended
letter, increasing the spacing between letters should reduce the
interfering effects of crowding, allowing these children to more
readily focus spatial attention on and recognize each successive let-
ter within a word form (e.g., Facoetti et al., 2010a; Facoetti et al.,
2010b; McCandliss, 2012). Accordingly, in people with DD, the
speed and comprehension of reading on a small handheld e-reader
device – formatted to display few words per line – signiﬁcantly im-
proved, when compared with traditional presentations on paper
(Schneps et al., 2013a; Schneps et al., 2013b).3. Visual attention deﬁcits in developmental dyslexia
Visual attention deﬁcit is now considered a cause of DD, inde-
pendent from the auditory-phonological abilities (Franceschini
et al., 2012; Gabrieli & Norton, 2012). The visual-orthographic sys-
tem receives stimulus-driven (bottom-up) as well as goal-directed
(top-down) attentional inﬂuence that modulates all visual process-
ing levels from V1 to VWFA (see Corbetta & Shulman, 2002;
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et al., 2003; Vidyasagar & Pammer, 2010; Facoetti, 2012 for re-
views). Attentional shifting improves perception in several visual
tasks, such as contrast sensitivity, texture segmentation, visual
search and crowding, by intensifying the signal and enhancing spa-
tial resolution as well as diminishing the noise effect outside the
focus of attention (e.g., Boyer & Ro, 2007; Carrasco, Williams, &
Yeshurun, 2002; Dosher & Lu, 2000; Facoetti & Molteni, 2000;
Yeshurun & Rashal, 2010; see Reynolds & Chelazzi, 2004; Reynolds
& Heeger, 2009, for reviews). Attentional shifting can be considered
as the resultant of the processing resources engagement mecha-
nism onto the relevant object (e.g., letter or grapheme that has to
be mapped to its correspondent speech-sound) and the subsequent
disengagement mechanism from the previous object to the next
one. Visual attentional shifting deﬁcit has been repeatedly de-
scribed in DD (see Facoetti, 2004; Hari & Renvall, 2001; Valdois,
Bosse, & Tainturier, 2004; Vidyasagar & Pammer, 2010; Facoetti,
2012 for reviews) and more speciﬁcally in dyslexics with poor pho-
nological decoding skills (e.g., Cestnick & Coltheart, 1999; Buchholz
& McKone, 2004; Facoetti et al., 2010a; Facoetti et al., 2006; Jones,
Branigan, & Kelly, 2008; Kinsey, Rose, Hansen, Richardson, & Stein,
2004; Roach & Hogben, 2007; Rufﬁno et al., 2010, 2014). Consis-
tently with the multi-sensory ‘‘sluggish attentional shifting’’
(SAS) hypothesis (Hari & Renvall, 2001) and the ‘‘perceptual noise
exclusion deﬁcit’’ (Sperling, Lu, Manis, & Seidenberg, 2005), chil-
dren and adults with DD are speciﬁcally impaired from rapidly
engaging their attention, showing abnormal temporal (e.g., Di Lol-
lo, Hanson, & McIntyre, 1983; Montgomery, Morris, Sevcik, &
Clarkson, 2005; Rufﬁno et al., 2010, 2014), lateral masking and
crowding (e.g., Geiger et al., 2008; Martelli, Di Filippo, Spinelli, &
Zoccolotti, 2009; Sperling et al., 2005; Spinelli-, De Luca, Judica,
& Zoccolotti, 2002). Evidence of SAS in the visual modality for chil-
dren and adults with DD is provided by attentional blink results
(e.g., Buchholz & Aimola-Davies, 2007; Facoetti, Rufﬁno, Peru,
Paganoni, & Chelazzi, 2008; Hari, Valta, & Uutela, 1999; Lallier,
Donnadieu, & Valdois, 2010; Visser, Boden, & Giaschi, 2004), tem-
poral order judgment (Hari, Renvall, & Tanskanen, 2001; Ja´skowski
& Rusiak, 2008; Liddle, Jackson, Rorden, & Jackson, 2009), rapid
multi-element presentation (Hawelka et al., 2005; Bosse, Tainturi-
er, & Valdois, 2007) and spatial-cueing tasks (Brannan & Williams,
1987; Facoetti et al., 2005; Facoetti et al., 2006; Facoetti et al.,
2010a; Roach & Hogben, 2007; Rufﬁno et al., 2014) that involve
efﬁcient spatial and temporal attentional shifting to rapidly dis-
played stimuli. Moreover, longitudinal studies and studies with
children at risk for DD have shown that visual attention shifting
is one of the most important predictors of early reading abilities
(e.g., Ferretti, Mazzotti, & Brizzolara, 2008; Plaza & Cohen, 2007;
Facoetti et al., 2010b; Franceschini et al., 2012). Finally, reading
performance has been shown to improve following speciﬁc train-
ing for visual attention engagement in dyslexic children (e.g., Faco-
etti, Lorusso, Paganoni, Umiltà, & Mascetti, 2003; Geiger, Lettvin, &
Fanhle, 1994, Franceschini et al., 2013).
Before the letter-to-soundmapping mechanism is applied, irrel-
evant lateral letters should be ﬁltered out by attentional shifting.
The perceptual segmentation of the letters string into its constitu-
ent graphemes (i.e., graphemic parsing) involves, indeed, accurate
and rapid shifting of spatial and temporal visual attention (e.g.,
Cestnick & Coltheart 1999; Facoetti et al., 2006; Facoetti et al.,
2008; Facoetti et al., 2010a). Thus, independently from an auditory
and phonological disorder, visual attention shifting clearly play a
critical role in the basic letter-to-speech sound integration during
letter string processing because it is crucially involved in parsing
and identiﬁcation of relevant sub-lexical orthographic units by efﬁ-
cient attentional processing on each letter (Vidyasagar & Pammer,
2010; Facoetti, 2012).4. Magnocellular–dorsal deﬁcits as a neurobiological basis of
attention deﬁcits in developmental dyslexia
A possible neurobiological substrate of temporal and spatial SAS
in DD could be a weakened or abnormal magnocellular (M) input
to the dorsal (D) visual stream, and a consequent dysfunction of
the main fronto-parietal attentional network (Livingstone, Rosen,
Drislane, & Galaburda, 1991; Stein & Walsh, 1997). This theory,
known as the magnocellular–dorsal (M–D) theory of DD, is a dom-
inant, albeit controversial (e.g., Amitay, Ben-Yehudah, Banai, &
Ahissar, 2002; Olulade, Napoliello, & Eden, 2013; Sperling et al.,
2005) account, stemming from the observation that some reading
disabled children are impaired in the speciﬁc visual M–D pathway
(see Boden & Giaschi, 2007; Stein & Walsh, 1997; Vidyasagar &
Pammer, 2010; Facoetti, 2012 for reviews).
The M–D pathway originates in the ganglion cells of the retina,
passes through the M-layer of the lateral geniculate nucleus (LGN),
and ﬁnally reaches the occipital and parietal cortices (Maunsell &
Newsome, 1987). The M–D stream is considered blind to colors,
and responds optimally to contrast differences, low spatial frequen-
cies, high temporal frequencies and both real and illusory motion
(e.g., Gori, Hamburger, & Spillmann, 2006; Gori, & Yazdanbakhsh,
2008;Gori, Giora, & Stubbs, 2010;Gori, Giora, Yazdanbakhsh, &Min-
golla, 2011;Yazdanbakhsh,&Gori, 2011; Livingstone&Hubel, 1987;
Morrone et al., 2000; Ruzzoli et al., 2011). Individuals with DD are
less sensitive than normally reading controls to luminance patterns
andmotion displayswith high temporal and low spatial frequencies
(e.g., Eden et al., 1996), visual features that are preferentially associ-
ated with the M–D pathway. However, they perform normally on
tasks preferentially associated with the parvocellular–ventral (P–
V) pathway, such as those involving color and form (Merigan &
Mounsell, 1993). Thus, the M–D stream seems to be impaired in
DD, whereas the other major parallel pathway of the visual system,
the P–V stream, appears intact (see Boden & Giaschi, 2007; Stein &
Walsh, 1997; Vidyasagar & Pammer, 2010; Facoetti, 2012 for re-
views). As a side note, it could be curious to consider that the deﬁni-
tion of DD in the DSM-IV (American Psychiatric Association, 1994)
describes the individualswithDDas peoplewith intact sensory abil-
ities even if visual deﬁcits, characterizing a mild M–D dysfunction,
are so often found in DD.
The multi-sensory (i.e., visual and auditory) version of the M–D
theory, called the temporal processing hypothesis, suggests that
children with DD have speciﬁc deﬁcits in processing rapidly pre-
sented sensory stimuli in either the visual or auditory modalities
(e.g., McLean, Stuart, Coltheart, & Castles, 2011; see Farmer & Klein,
1995; Hari & Renvall, 2001 for reviews). Importantly, the M–D
temporal hypothesis explicitly claims that phonological decoding
deﬁcits in individuals with DD could arise from impairments in dy-
namic sensory processing of visual and auditory stimuli (e.g., Faco-
etti et al., 2010a; Rufﬁno et al., 2010; Gori et al., 2014; Witton et al.,
1998).
Most of the evidence for the visual M–D deﬁcit theory has de-
rived from studies of coherent motion perception (see Stein,
2001 for a review), which taps the cortical portion of the M–D
pathway. However, children and adult poor readers may be specif-
ically impaired in motion perception only in the presence of high
external noise, but not in the presence of low external noise or
when the signal is clearly demarcated (Sperling, Lu, Manis, &
Seidenberg, 2006). Moreover, using fMRI, Olulade, Napoliello, and
Eden (2013) demonstrated in typical readers a relationship be-
tween reading ability and activity in area V5/MT (M–D stream)
during visual motion processing and, as expected, also found lower
V5/MT activity for children with DD compared to age-matched
controls. However, when children with DD were matched to a
group composed by younger children with the same reading
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no differences emerged, suggesting that weakness in V5/MT might
be also an effect, and not only a cause of DD.
Nevertheless, these results did not falsify the evidence obtained
from a large population of studies demonstrating signiﬁcant and
replicable differences between dyslexic and control groups in the
coherent motion perception task (e.g., Cornelissen, Richardson,
Mason, Fowler, & Stein 1995; Talcott et al., 2000; Talcott et al.,
2002; Talcott, Witton, & Stein, 2013). It has been reported that
up to 75% of dyslexic individuals show visual temporal processing
deﬁcits (Lovegrove, Martin, & Slaghuis, 1986). Moreover, a post
mortem study, in a small sample, showed that in the brain of indi-
viduals with dyslexia the M neurons of the LGN were noticeable
smaller than those found in normal readers’ brains while the P
neurons did not differ between the two groups (Livingstone
et al., 1991). Recently, Gori et al. (2014) demonstrated, for the ﬁrst
time, that children with DD showed a lower performance in an M–
D (i.e., spatial frequency doubling illusion) task not only in compar-
ison with an age-matched control group but also with a reading-le-
vel group. Stringent longitudinal studies conﬁrm the causal link
between pre-reading M–D deﬁcit and future reading acquisition
(e.g., Boets, Wouters, van Wieringen, De Smedt, & Ghesquière,
2008; Boets, Vandermosten, Cornelissen, Wouters, & Ghesquière,
2011; Kevan & Pammer, 2008; Kevan & Pammer, 2009). These re-
sults are crucial to support the idea that the M–D deﬁcit is not
caused by lack of reading abilities (effect of DD) but it should be
considered a core deﬁcit of DD (a possible cause of DD). According
to recent studies, the M–D pathway also seems to be speciﬁcally
involved in audio-visual detection enhancements (e.g., Pérez-Bel-
lido, Soto-Faraco, & López-Moliner, 2013), suggesting an additional
causal link between M–D deﬁcit and the basic cross-modal integra-
tion dysfunction in individuals with DD.
Deﬁcits in the M-pathway could inﬂuence higher visual pro-
cessing stages through the D-stream, and, therefore, lead to read-
ing difﬁculties through impaired attentional orienting (Boden &
Giaschi, 2007; Hari & Renvall, 2001; Vidyasagar & Pammer,
2010). Accordingly, neuroimaging studies of both typical and atyp-
ical reading development have consistently implicated regions that
are known to subserve the orienting of visual attention (see Corb-
etta & Shulman, 2002; Corbetta & Shulman, 2011 for reviews). For
example, several studies employing phonological decoding tasks
have shown deﬁcient task-related activation in areas surrounding
the bilateral fronto-parietal attentional system in dyslexics (see
Eden & Zefﬁro, 1998 for a review). While the left fronto-parietal
system has been linked to auditory word form processing (Pugh
et al., 2000), the right fronto-parietal system is a crucial compo-
nent of the network subserving the automatic shifting of attention
(Corbetta & Shulman, 2002; Corbetta & Shulman, 2011). Thus,
developmental changes in activation of the right fronto-parietal
system have been linked to reading acquisition in normally devel-
oping children (Turkeltaub, Gareau, Flowers, Zefﬁro, & Eden, 2003),
and some studies have observed a right fronto-parietal system dys-
function in dyslexics (e.g., Hoeft et al., 2006). A recent study, by
using all-brain and data-driven analysis, have shown divergent
connectivity within the visual pathway and between visual associ-
ation areas and pre-frontal attention areas in adults and children
with DD (Finn et al., 2014). Moreover, a recent study in adults with
DD have shown that high frequency repetitive trans-cranial mag-
netic stimulation improved non-word reading accuracy over the
left and right inferior parietal lobules (Costanzo et al., 2013). Inter-
estingly, also children with autism spectrum disorder have shown
attentional focusing and M–D pathway disorders (e.g., Ronconi
et al., 2012; Ronconi et al., 2013a, 2013b, 2014).
Although a speciﬁc causal role of M–D stream deﬁcit in DD has
been recently showed by using stringent longitudinal studies (e.g.,
Kevan & Pammer, 2008; Kevan & Pammer, 2009) and comparisonwith reading level group (Gori et al., 2014), the deﬁnitive demon-
stration, which is not yet present, would be to show the positive
effects of a rehabilitation approach. If a M–D stream deﬁcit is really
a cause of DD, it is expected that a speciﬁc M–D stream training
would be able to improve in individuals with DD, not only M–D
functioning, but also reading abilities.5. Attentional remediation in developmental dyslexia
One of the most relevant aim in DD research is to improve iden-
tiﬁcation of at-risk children for treatment with preventive remedi-
ation programs before they begin to fail in learning to read
(Gabrieli, 2009). Recent studies conﬁrmed that reading abilities
can be improved by speciﬁc pre-reading programs (e.g., Gormley,
Phillips, & Gayer, 2008), suggesting that preventive programs could
reduce the incidence of DD.
In children at familial risk for DD, visual attentional impair-
ment—in addition to the typically observed speech segmentation
deﬁcit—exists prior to the beginning of formal reading instruction.
The combination of rapid visual spatial attention and syllabic seg-
mentation scores is proved to be more reliable than either single
measure alone for the identiﬁcation of at-risk children (Facoetti
et al., 2010b). This result therefore also offers a new approach for
the early identiﬁcation of DD. The SAS hypothesis, described above
(Hari & Renvall, 2001), proposes that there is a speciﬁc deﬁcit in DD
for rapid and automatic attentional orienting and engagement onto
auditory and visual objects (e.g., Facoetti et al., 2010a; Lallier et al.,
2010) which is argued to have an impact on reading acquisition
based on orthographic–phonological binding (Blomert, 2011). The
multisensory SAS also has implications for efﬁcient functioning
of the perceptual noise exclusion mechanism (Geiger et al., 2008;
Sperling et al., 2005; Ziegler, Pech-Georgel, George, & Lorenzi,
2009). Testing theories about the etiology of DD require develop-
mental designs (Goswami, 2003), and recent works from different
research groups, using both at-risk and longitudinal studies, sug-
gests that reading acquisition is based not only on speech segmen-
tation (Goswami et al., 2011), but also on visual M–D-based serial
attentional shifting onto letter strings (e.g., Boets et al., 2008; Faco-
etti et al., 2010b; Ferretti et al., 2008; Franceschini et al., 2012; Ke-
van & Pammer, 2008; Kevan & Pammer, 2009; Plaza & Cohen,
2006). We propose that the core neural deﬁcit underlying DD is
the fundamental multimodal attentional mechanism that mediates
efﬁcient orthographic-phonological binding. This proposal has the
ultimate aim of improving the efﬁcacy of neuroscience based edu-
cational interventions in DD. Some intervention studies have
clearly shown that both auditory and visual shifting of attention
can be improved by training in children with both DD and/or SLI
(e.g., Facoetti et al., 2003; Geiger, Lettvin, & Fahle, 1994; Stevens,
Hasher, Chiew, & Grady, 2008). In particular, these studies consis-
tently demonstrated that the inhibitory aspects of attention—that
are crucial for perceptual noise exclusion—can be remediated by
appropriate rehabilitation programs (Facoetti et al., 2003; Geiger
et al., 1994; Stevens et al., 2008). In fact, even the ‘pure’ phonolog-
ically-based treatment programs that are typically used to
rehabilitate DD (e.g., Olulade et al., 2013), have to make use of fun-
damental auditory attentional mechanisms.
Recently, our research group (Franceschini et al., 2013) showed
that playing action video games (AVG) for only 12 h improved chil-
dren’s reading abilities, more so than 1 year of spontaneous read-
ing development and more than or equal to highly demanding
traditional reading treatments. Computer games were already
proved to be efﬁcient in improving auditory temporal processing
in language-learning impaired children (Tallal et al., 1996).
Our results (Franceschini et al., 2013) were the outcome of an
attentional training that is done by the AVGs and it transferred di-
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tional and the reading improvements were highly correlated. Con-
sequently this result lead us to propose attentional training as a
crucial method to remediate DD independently from previous audi-
tory-phonological approaches. Inside a multi-factorial and probabi-
listic hypothesis for DD (Menghini et al., 2010) the attentional
training seems to be a very promising future practice that should
be add to the more traditional approaches for DD remediation.6. Perceptual learning to help clinical populations
Perceptual learning (PL) involves relatively long-lasting changes
to an organism’s perceptual system that improve its ability to re-
spond to its environment (Goldstone, 1998; Sagi, 2011). The ability
of the visual system to change its structure and functioning, also
after the end of the critical period, could be translated in a helpful
remediation tool for several clinical populations. The recent litera-
ture showed that the PL can improve visual functions leading to
structured PL methods that produced excellent results in the reme-
diation of myopia and presbyopia (Polat, 2009) or recovery of ste-
reopsis in adults (Ding & Levi, 2011). However, the larger body of
scientiﬁc literature about the clinical applications of the PL meth-
ods was produced regarding the treatment of amblyopia (e.g., Levi,
2012; Levi & Li, 2009). More related to the speciﬁc topic of this arti-
cle, PL treatments for amblyopia resulted efﬁcient in increasing let-
ter identiﬁcation. Polat et al. (2004) showed that a low level PL
training transfers to high level tasks such as letter recognition in
adults with amblyopia. This result demonstrated that the beneﬁ-
cial effect of the PL can be generalized at higher cognitive processes
and also that the brain plasticity can be elicited outside the critical
period. Recently, it has been shown that PL can reduce crowding
for letter identiﬁcation in individuals with amblyopia (Chung, Li,
& Levi, 2012; Hussain et al., 2012). PL methods showed improve-
ments in letter identiﬁcation, signal to noise extraction and reduc-
ing crowding also in typically developmental individuals (Chung,
Levi, & Tjan, 2005; Hussain et al., 2012).7. Perceptual learning to increase spatial and temporal noise
exclusion mechanisms in individuals with DD
Based on all the above mentioned evidence, a PL training seems
to be a potentially groundbreaking advancement in DD remedia-
tion. As reported above, DD presents a perceptual noise exclusion
deﬁcit (e.g., Rufﬁno et al., 2010, 2014; Sperling et al., 2005), with
a related excessive crowding (Martelli et al., 2009; Moores, Cassim,
& Talcott, 2011; Schneps et al., 2013; Spinelli et al., 2002; Zorzi
et al., 2012; see also for the rapid multi-element presentation Bos-
se et al., 2007), backward masking (e.g., Di Lollo et al., 1983; Faco-
etti et al., 2008) and attentional blink (e.g. Facoetti et al., 2008; Hari
et al., 1999; Lallier et al., 2010; Visser et al., 2004). Consequently,
the PL methods that were able to improve those characteristics
in individuals with amblyopia and/or in typically developed con-
trols (e.g., Choi, Chang, Shibata, Sasaki, & Watanabe, 2012; Hussain
et al., 2012; Op de Beeck, Wagemans, & Vogels, 2007; Powers, Hill-
ock, & Wallace, 2009; Maniglia et al., 2011; Chung, Li, & Levi,
2012a, 2012b; Sterkin, Yehezkel, & Polat, 2012) could become a
useful treatment for reading difﬁculties in adults and children with
DD. The challenge would be to test if a change in the above men-
tioned characteristics would directly transfer in better reading
abilities. A hint about the possible transfer of the improvements
in the speciﬁc characteristics that are impaired in DD in better
reading abilities could be provided by the previously mentioned
results by Zorzi et al. (2012) regarding crowding. These authors
showed that reducing crowding by using larger letter spacing sub-
stantially improved text reading performance in children with DDon the ﬂy. However, when the normal spacing was reset to default
the dyslexics reading performance dropped down again (Zorzi
et al., 2012). On the other hand, according to the literature, the
changes in the visual system due to PL are long lasting and then
the improvement in the crowding resistance in individuals with
DD after a PL training could become permanent and directly trans-
lating to a better reading abilities.
Moreover a family of more complex PL is also able to improve
several deﬁcits that characterize DD: the AVG. Even if the AVG
training is not a classical PL it could be consider a less controlled
but more fun type of PL, consequently it could be advantageous
for training children but less desirable in searching the exact
mechanisms that could be responsible of the improvements. The
AVG training were demonstrated to be effective to reduce crowd-
ing (e.g., Green & Bavelier, 2007), backward masking (e.g., Li
et al., 2010) and attentional blink (e.g., Green & Bavelier, 2003;
Oei & Patterson, 2013). Recently, Franceschini et al. (2013) have
shown that AVG training improved both visuo-spatial and cross-
modal attention and this improvement directly translated in signif-
icantly better reading abilities with no phonological or ortho-
graphic training. Those results suggest that the chance that
improving visual deﬁcits would directly translate in reading
improvement is quite high, making the PL training for DD remedi-
ation a more than worth possibility to check for. In addition, Chung
and Truong (2013) demonstrated that the frequency of treatment
with PL for identiﬁcation of crowded letters is irrelevant because
the same beneﬁcial results were obtained with a daily, weekly or
biweekly treatment. This result could be crucial in order to propose
future training in clinical setting where it would be complicated to
program a long period of daily training for individuals with DD.
In sum, based on what we know to date, the already existing PL
trainings could be used in attempting the remediation, or at least
the reduction of DD symptoms for a positive long lasting change
that would make reading easier.8. Training dorsal pathway by using perceptual learning for
developmental dyslexia remediation and prevention
Starting from the results obtained with the AVG in which we
showed that training both visuo-spatial and cross-modal selective
attention mechanism resulted in better reading abilities in children
with DD (Franceschini et al., 2013), we would like to propose a
completely new PL training approach that – if it will be proved
to be successful – could be extremely important to: (i) understand
which is the neural substrate that is changed with the AVG train-
ing; (ii) clarify the causal role of the M–D pathway in DD; and
(iii) provide an efﬁcient remediation and prevention program for
DD that could be add to the traditional approaches that are still
controversial in terms of proved efﬁcacy. The idea stems from
the fact that the AVG are characterized by the following set of qual-
itative features (Green, Li, & Bavelier, 2009): (i) extraordinary
speed both in terms of very transient events and in terms of the
velocity of moving objects; (ii) a high degree of perceptual, cogni-
tive and motor load in the service of an accurate motor plan; (iii)
temporal and spatial unpredictability of the transient and moving
events; and (iv) an emphasis on peripheral visual processing. All
these stimulus characteristics are mainly processed by the M–D
pathway (Franceschini et al., 2013). Consequently, it is plausible
to assume that AVG treatment is training the M–D pathway that
contains also the main attentional network in the posterior parietal
cortex and pre-frontal areas. It is possible that training the M–D
pathway leads to improvements in spatial and temporal selective
attention processing. Our idea is that if the M–D deﬁcits are one
of the causes of DD, training speciﬁcally this visual pathway with
a coherent dot motion task (which is a classical task that taps
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abilities even if the training is not regarding reading, letter identi-
ﬁcation or letter-to-speech sound integration. The coherent dots
motion training is not able to teach the children to read, but the
ability to reduce the M–D pathway deﬁcits and the increase in
their selective attention skills could improve the letter string pars-
ing and/or cross-modal integration that are necessary to learning
to read. A positive results will open up to a better comprehension
of the possible cause of DD, shed some light on the neural basis of
the successful results obtained by the AVG training, and provide a
successfully tested training that could be add to the normal clinical(a)
(b)
Fig. 1. In the panel A are reported the two typical posterior reading networks: (i) ‘‘dorsal’’
and (ii) ‘‘ventral’’ visual and orthographic processing (i.e., visual word form area, VWFA,
early visual processing (V1): (i) the ‘‘dorsal-where’’ and ‘‘action’’ pathway (in black), inc
parietal cortex (in yellow) controlling multi-sensory selective attention and the pre-fro
involved in the eye movement scheduling and focusing attention, and ventral pre-fronta
ﬁgure we believe that both task relevant (the classical one) and task irrelevant perceptu
and effect also a cascade effect on the higher mechanisms of the dorsal pathway but on
networks. In the panel B the same reading and visual pathways are reported in the phopractice to improve reading abilities in DD. After the validation of
this procedure several other PL trainings, even much more directly
related to reading could be proposed and tested.
It is interesting to consider also the possibility of a M–D path-
way training in the auditory modality or even in multi-sensory
modality. As described above the ‘‘temporal processing hypothe-
sis’’, suggests that children with DD have speciﬁc deﬁcits in pro-
cessing rapidly presented or brief sensory stimuli in either the
visual or auditory modalities (see Farmer & Klein, 1995; Hari &
Renvall, 2001 for reviews). Importantly, the M–D temporal pro-
cessing hypothesis explicitly claims that phonological decodingauditory and phonological processing (i.e., auditory word form area, AWFA, in blue);
in red), in combination with the two principal visual streams originating from the
luding the V5-MT (in orange) the area controlling motion perception, the posterior
ntal cortex (in brown) involved in the motor control (including frontal eye ﬁelds
l gyrus implicated in the speech articulation and pronunciation). As reported in the
al learning will make changes in the visual areas of the dorsal stream that will lead
ly the task relevant perceptual learning will need the supervision of the attentional
nological and orthographic networks and depicted on the left hemisphere.
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dynamic sensory processing of visual and auditory stimuli
(e.g., Witton et al., 1998; Facoetti et al., 2010a). Consequently, a
multi-sensory PL training (e.g. Shams & Seitz, 2008) for the M–D
pathway could be also a very interesting approach worth to be tested.
Another intriguing possibility offered by the PL as a treatment
for DD is the opportunity to train the M–D pathway without
requiring participants’ focused selective attention. There is sub-
stantial evidence for an important role for neuromodulatory re-
ward signals and selective attention in the control of PL (see
Roelfsema, van Ooyen, & Watanabe, 2010 for a recent review). Vi-
sual selective attention provides the primary route for signals
about behavioral relevance to reach the visual cortex determining
what is learned and what is not. However, Watanabe, Sasaki, and
Nanez (2001) demonstrated that PL can occur for stimuli too weak
to be perceived, if they are paired with the discrimination of an-
other target stimulus, by an internal reward and without selective
attention (see also Seitz & Watanabe, 2003). This family of PL is
called task irrelevant PL (TIPL), and it is related to stimulus features
that are irrelevant to the participant’s task but will be learned due
to their consistent presentation during task-performance (Seitz &
Watanabe, 2003, 2009).
Roelfsema et al. (2010) proposed that the attentional feedback
signals guide learning by suppressing plasticity of irrelevant fea-
tures while permitting the learning of relevant ones. However, if
the sensory signals are too weak to be perceived, they can escape
from the attentional inhibitory feedback (Tsushima, Sasaki, &
Watanabe, 2006). Thus, Roelfsema et al. (2010) have brought
attentional learning theories, and theories that emphasized the
importance of neuromodulatory signals due to the internal reward,
into a single uniﬁed framework.
Considering that the PL can also be independent from selective
attention, which is known to be impaired in DD (see Hari & Renvall,
2001; Vidyasagar & Pammer, 2010; Facoetti, 2012 for reviews), our
ﬁnal proposal would be to adopt TIPL (Seitz &Watanabe, 2003; Sei-
tz & Watanabe, 2005; Watanabe et al., 2001; Choi, Seitz, & Watan-
abe, 2009) as a possible treatment of DD. The general idea stem
from the possibility that a treatment that requires attention could
be less effective in individuals with DD because their selective
attention dysfunctions (e.g., Facoetti et al., 2000, 2005, 2010a;
Franceschini et al., 2012; Lallier et al., 2010; Roach & Hogben,
2007). The fact that with the TIPL what it is learned is not a result
of the correct displacement of attentional resource but the learning
can be obtained without selective attention should allow us to by-
pass the attentional deﬁcits characterizing DD. Moreover, to date,
the only study that compared the TIPL with the task relevant PL
(Seitz et al., 2010) reported that the amount of leaning with the
TIPL is comparable to the classical task relevant PL approach sug-
gesting that the TIPL should not be considered less effective than
any other PL trainings. A possible outcome of the M–D pathway
training with TIPL could be that the efﬁciency of the M–D stream
will be improved, and consequently also the attentional skills.
We could observe a translation in better reading abilities as ob-
served with the AVG treatment (Franceschini et al., 2013). A possi-
ble downfall of the last proposed approach could be that there is
few literature supporting the generalization of this kind of learning
that is often observed at a local level (e.g., Seitz & Watanabe, 2003;
Watanabe et al., 2001; Batson, Beer, Seitz, & Watanabe, 2011 but
see Wong, Folstein, & Gauthier, 2011 for a promising generaliza-
tion found in TIPL). However, to perceive a global motion like the
one observed in the coherent dot motion task the involvement of
the V5/MT complex need to be take into account. The V5/MT com-
plex is a crucial station of the dorsal portion of the M–D pathway
characterized by much larger receptive ﬁelds than V1 (e.g. Pack
& Born, 2001; Yazdanbakhsh & Gori, 2008) that was showed to
be less active in the individuals with DD (e.g., Olulade, Napoliello,& Eden, 2013). Our hypothesis – that needs to be tested – is that
even if the training is speciﬁcally to a single global motion direc-
tion the functioning of all the M–D stream (including the atten-
tional networks) could beneﬁt from this training. See Fig. 1a and b.
Assuming that the previous proposed treatments will result in a
positive outcome for the reading abilities of individuals with DD, a
PL approach for the M–D pathway could be attempted even in chil-
dren at risk for DD before reading acquisition. Considering that the
diagnosis of DD cannot be done before few years inside the pri-
mary school, a treatment based on reading have to wait until the
diagnosis losing the chance to train the children when their brain
plasticity is much higher. On the contrary, a PL program to improve
the M–D pathway could be adopted before reading acquisition and
the challenge could be to reduce the future incidence of DD in chil-
dren at risk for DD. A positive outcome of potential treatments of
the general visual functions, and in particular of the M–D pathway
by using task relevant or/and TIPL could be of primary interesting
not only for the theoretical implications but also to improve the
quality of life of the future possible children with DD and to reduce
the social costs of DD, by far, the most common neurodevelopmen-
tal disorder on planet.9. Conclusions
This review has as primary goal to highlight the possible pros to
have more interaction between the scientiﬁc community that is
around DD with the scientists that work in the PL ﬁeld. In our opin-
ion it is almost surprising that given the proved abilities of PL in
improving several visual deﬁcits that are also at the basis of DD,
no attempt was done yet in using this procedure to try to make
individuals with DD read better. There are several studies that sup-
port that a PL method should help individuals with DD. Even with-
out thinking some training speciﬁcally linked to reading letters or
letter chunks, we believe that a basic low level PL training should
be able to improve the general functionality of the M–D pathway
and produce a good basis for remediation and even possible pre-
vention of DD.References
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